We describe theoretically a new long-wave infrared optical modulator based on the characteristics of TM surface plasmons in graphene. Calculations made using a finite-τ random phase approximation model, of relevant surface plasmon propagation parameters, are presented. We show that the plasmon losses vary as a function of carrier density; for large carrier densities, interband absorption of the plasmon energy is blocked due to filling of the conduction band states, and for small carrier densities, the plasmon energy is absorbed by interband optical transitions. The carrier density vs. plasmon loss curve exhibits a kink at the boundary between these two qualitatively dissimilar absorption mechanisms, corresponding to the intersection between the plasmon dispersion curve and the onset threshold for interband absorption. The modulator device can be switched between high and low transmission states by varying the carrier density with an applied gate bias voltage. The device is limited in optical frequency to plasmons with photon energy less than the optical phonon energy (200 meV in graphene). An example modulator design for light with vacuum wavelength λ0 = 10 µm is presented. This modulator exhibits a contrast ratio in the transmitted optical power between ON and OFF states of ∼ 62 dB. A simple circuit model indicates that the switching speed of the modulator should be limited by the carrier relaxation time (1.35 × 10 −13 s).
I. INTRODUCTION
Surface plasmons are optical excitations coupled to the boundary between an optical dielectric and a medium capable of supporting the motion of electronic charge carriers. In the past, surface plasmons have been widely studied in e.g. Si/Ag systems. Such systems have been recently reviewed in Ref. [1] . The plasmons in these systems exhibit a large momentum enhancement (λ 0 /λ p ≫ 1), but typically have very large losses as well. Losses in such dielectric/metal systems are due to scattering of carriers as the plasmon propagates through the system. Further, these plasmons exhibit a dispersion relation that saturates at the plasma resonance frequency of the medium. The losses typically limit propagation distances for these plasmons to a fraction of the plasmon wavelength.
Graphene is a true two-dimensional material system with a hexagonal lattice. Coupling of the 2p z states in the graphene monolayer lattice gives rise to a band structure that consists of a pair of π bands with a unique, linear character near the K points in the Brillioun zone (see Ref. [2] and references therein). An example of this linear band structure calculated using a tight-binding model is plotted in Fig. 1 . The linear dispersion results in a variety of unique effects, including a linear density of states, and very high carrier mobility. In intrinsic graphene, the Fermi level (E F ) is positioned at the Dirac point where the two conical bands meet. Thus, at T = 0 the lowerenergy band is completely full, and the higher-energy * Electronic address: k0rx@uiowa.edu FIG. 1: Band structure of graphene monolayer near the K point at (kxa0/2, kya0/2) = (2π/3, 0) calculated using a tightbinding model. This calculation clearly shows the linear character of the band structure near the K point. The vertical axis of the plot ranges from −1.0 eV to +1.0 eV and a0 = 2.46Å is the lattice constant of the graphene unit cell. The Fermi energy EF for intrinsic graphene is located at E = 0.
band is completely empty. Defects in the graphene monolayer cause E F to be offset slightly.
As a result of these unique features of the graphene band structure, long-wave infrared surface plasmon characteristics in graphene monolayers have been shown [3] to be quite different from their dielectric/metal counterparts. In particular, the surface plasmon dispersion relation does not saturate, but rather monotonically increases through the region of low interband absorption and into the region of high interband absorption. Further, for a sufficiently high Fermi level, plasmon losses in graphene monolayers can be quite small.
It has been shown recently [4] that it is possible to change the Fermi level in monolayer graphene by applying a suitable gate bias voltage to the monolayer when the monolayer is mounted on an SiO 2 layer above a heavily-doped semiconducting substrate. In that work, the authors have shown experimentally that a linear carrier density change with voltage of n = α(V − V 0 ) occurs, where V 0 is a parameter related to the details of the gating structure. They determined that α = 7 × 10 10 V −1 cm −2 for their particular experimental arrangement. The Fermi level in monolayer graphene is related to the carrier density as E F ∼ n 1/2 . In this paper, we describe a new long-wave infrared optical modulator based on the characteristics of graphene monolayers. Using calculations for the dielectric function of graphene based on the finite-τ random-phase approximation (fτ -RPA), coupled with the experimental results in [4] , we show that it is possible to switch between a highly transmissive surface plasmon state and a highly lossy surface plasmon state by varying the Fermi level (and therefore the carrier density) by simply changing the gate voltage on the graphene monolayer. This change in loss characteristics of the surface plasmon arises through the process of blocking the interband transitions that occur at low carrier densities in graphene. When the Fermi level is shifted outside of the region of interband optical transitions, plasmon losses result only from carrier scattering mechanisms, and the interband absorption mechanism is effectively blocked. This change in absorption is significant, and can result in modulators with ON/OFF power transmission ratios in excess of 60 dB or more for suitable device geometries.
II. SURFACE PLASMON DISPERSION IN GRAPHENE
Surface plasmons in graphene have been studied by several authors [3, 5, 6] . Ref. [5] considers surface plasmons using a semiclassical model for the graphene conductivity. In Ref. [6] a transmission-line plasmon model is studied in the q → 0 fτ -RPA limit, where q is the wavenumber of the surface plasmon. A variety of devices, including Terahertz (THz) sources are proposed. Ref. [3] extends the plasmon theory to the infrared region of the optical spectrum. In the latter two of these works, the random-phase approximation (RPA) is used to calculate the polarizability of a graphene monolayer.
In our paper, we make use of the fτ -RPA model as outlined in Ref. [3] to calculate propagation characteristics for TM surface plasmons in graphene monolayers. In the following, we summarize this method briefly.
TM surface plasmons are characterized by the existence of E x and E z components of the electric field, together with an H y component of the magnetic field. Here, z is the direction of propagation, x is the direction normal to the graphene monolayer, and y is the direction parallel to the monolayer and perpendicular to z. A dispersion relation for these optical states may be obtained by inserting the following ansatz for the optical field:
into Maxwell's equations. Postulating a conductivity for the graphene monolayer of σ(q, ω), a dispersion relation for the TM surface plasmon of the form:
is obtained. In the limit q ≫ ω/c, this dispersion relation simplifies to:
where q x = q x1 , q x2 determines the transverse spatial extent of the plasmon, and we note that q x1 ≈ q x2 due to momentum conservation conditions. We then invoke the fτ -RPA approximation in order to obtain the dielectric function and conductivity of the graphene monolayer. In the τ → ∞ limit, the twodimensional polarizability is written [7] as:
where
and where g s = 2 is the spin degeneracy, g v = 2 is the number of carriers per unit cell, L 2 is the area of the graphene monolayer unit cell, k ′ = k + q (q is the plasmon wavevector), s, s ′ = ±1 denote the band indices, E sk is the energy of the state at (s, k),
−1 is the Fermi-Dirac distribution function, and F ss ′ (k, k ′ ) is the matrix element between initial and final states.
τ is included phenomenologically in the theory using the Lindhard relaxation-time approximation [8] , which incorporates conservation of local electron number, to obtain the polarizability in the relaxation time approximation:
Using this result, the dielectric function is written:
and the conductivity is written:
Device geometry for the plasmon modulator. A gate bias is applied to the graphene monolayer by applying a voltage from the Au contacts to the Si:n + substrate. Plasmon propagation takes place along the graphene monolayer in the z direction as shown, with the field decaying exponentially in the ±x direction.
Combining Eqns. 3 and 8, it can be shown that the existence condition for TM surface plasmons in graphene monolayers is written ǫ RP A (q, ω) = 0. We then solve the existence condition for the complex plasmon wavenumber q(ω) = q Re (ω) + iq Im (ω) by observing that in the limit as q Im /q Re → 0, the existence condition resolves into separate expressions for q Re (ω) and q Im (ω).
It should be noted that the loss threshold does not occur at 2E F as might be expected, due to the enhancement of the plasmon momentum (λ 0 /λ p ). As a result, non-vertical optical transitions can occur in the graphene band structure and these transitions lower the onset energy for interband absorption.
III. PLASMON PROPAGATION CHARACTERISTICS
In this section we discuss the propagation characteristics in the region near a plasmon with a vacuum wavelength λ 0 = 10 µm ( ω = 124 meV ) in the graphene monolayer as illustrated schematically in Fig. 2 . The device structure consists of a graphene monolayer attached to Au gate contacts, positioned on an SiO 2 oxide layer of nominally ∼ 100 nm thickness grown on an Si:n + substrate. The substrate forms the back contact for the graphene gate. By applying a bias voltage to the gate, the Fermi level E F (and therefore the carrier density n) can be changed.
For the results presented in this section, three significant approximations have been made when applying the fτ -RPA model. First, all calculations have been made in the k B T → 0 limit. This approximation is valid over the regime where the optical transitions occur between states located several k B T away from the Fermi level. In our work, we consider doping densities such that this is the case. For large doping densities, the final state in the optical transition is below the Fermi level, and for small doping densities the final state in the optical transition is above the Fermi level. Since we do not consider negative Fermi energies in this work, the initial state for the optical transition is always well below the Fermi level. If this approximation were removed, the result would be a smoothing of the plasmon dispersion characteristics near the Fermi level. Second, the fτ -RPA calculation as presented above neglects loss mechanisms related to the excitation of phonons. In graphene monolayers, the optical phonon energy is 200 meV and as a result, the validity of the calculation is limited to photon energies below this threshold. Results presented here are limited to photon energies below 200 meV . Third, solutions to the fτ -RPA model have been computed in the q Im /q Re → 0 limit. Thus, although we expect the low-loss results to be valid quantitatively, for the high-loss case q Im /q Re < ∼ 0.2 and therefore, the high-loss results should be interpreted qualitatively.
In Fig. 3 , the TM surface plasmon dispersion relation calculated using the fτ -RPA model is plotted, using dielectric constants ǫ 1 = 1 (air as superstrate material) and ǫ 2 = 4 (SiO 2 as substrate material) as shown in Fig. 2 . Further, we use a value of τ = 1.35 × 10 −13 s for the relaxation time, corresponding to a carrier mobility of µ e = 10 5 cm 2 /V s as measured in Ref. [9] . The dispersion relation is normalized by the Fermi level E F and the Fermi wavenumber k F respectively. These two parameters are related by the Fermi velocity (
For all TM surface plasmons using these material parameters, the normalized dispersion relation is identical. Also shown in Fig. 3 are the region of high intraband absorption (area below the bold solid line) and the region of high interband absorption (area above the bold dotted line). The bold dot shows the location of the intersection between the plasmon dispersion curve and the region of high interband absorption. For energies below this intersection point, the plasmon propagates in a low-loss condition, whereas for energies above this intersection point, the plasmon propagates in a high-loss condition due to high interband absorption.
Additionally, the dispersion for a λ 0 = 10 µm plasmon for several Fermi energies (doping levels) is indicated by the intersection between the dispersion curve and the horizontal lines. Horizontal lines are shown for n = 2.
(dotted line), and n = 3.8 × 10 11 cm −2 (dashed line). For the n = 3.8 × 10 11 cm −2 doping level, the plasmon propagates in the region of high interband absorption. For the n = 2.41 × 10 12 cm −2 and n = 1.52 × 10 12 cm −2 doping levels, the plasmon propagates in the region of low interband absorption, a result of the blocking of the final states in the optical transition process due to bandfilling by the higher carrier densities.
In Fig. 4 , several characteristics of plasmon propagation near λ 0 = 10 µm are plotted. Part (a) shows the ratio of q Re (ω)/q Im (ω), part (b) shows the large plasmon momentum enhancement (λ 0 /λ p ), and part (c) shows the normalized group velocity, for the carrier densities discussed above. The vertical dashed line in all plots indicates the location of the λ 0 = 10 µm plasmon. These results show that for plasmons propagating in the lowloss region of the dispersion curve, the absorption length (q Im ) for the plasmon is quite long. Conversely, for the (low-loss) case, and the intersection with the dashed line indicates the n = 3.8 × 10 11 cm −2 (high-loss) case. The region below the bold black line corresponds to high intraband absorption, and the region above the bold dashed line corresponds to high interband absorption. The bold dot marks the intersection of the plasmon dispersion relation with the interband absorption boundary, and corresponds to the inflection point (kink) in the qIm vs. n curves of Fig. 5 .
same vacuum wavelength, for low doping densities, the absorption length is significantly shorter. As a result, after an intermediate propagation distance, virtually no light from the high-loss plasmon will be emitted from the output side of the device structure, whereas for the low-loss plasmon, significant light will be emitted from the output. It is this contrast that forms the basis for the modulator device discussed in this paper. Additionally, it should be noted that although the group velocities of both plasmons are not matched automatically, such matching can be achieved by appropriate choice of the graphene monolayer doping levels as may be seen in Fig.  4 
(c).
The relationship between doping level and plasmon loss is illustrated in Fig. 5 for a range of plasmon frequencies. In all curves, for high doping levels, the plasmon loss is low, due to blocked interband absorption. For low doping levels, the plasmon loss increases significantly. The boundary between these two regions manifests itself as a kink in the loss vs. carrier density curves, and corresponds to the interband absorption threshold indicated by the bold dot in Fig. 3 . Results from Fig. 5 show that the maximum value (for optical frequencies and the Fermi level less than the optical phonon frequency) of the ratio q Im (OFF)/q Im (ON) can vary from a factor of ∼ 28.3 for ω = 5 × 10 13 rad/s (λ 0 = 37.7 µm) to ∼ 9.2 12 cm −2 (low-loss near λ0 = 10 µm), and the dotted curves are calculated with EF = 0.0675 eV , corresponding to a carrier density of 3.8 × 10 11 cm −2 (high loss near λ0 = 10 µm). For all carrier densities discussed here, a carrier relaxation time constant of τ = 1.35 × 10 −13 as well as dielectric constants of 1 (air) and 4 (SiO2) for the superstrate and substrate respectively are assumed. Further, the Fermi energies and plasmon photon energy are below the optical phonon energy of 200 meV , and thus optical phonon decay mechanisms are not considered in these calculations. 14 rad/s calculated with the fτ -RPA model. The carrier-density bounding the weak and strong interband absorption region for each frequency is located at the kink in qIm, separating the virtual interband absorption region (larger n) from the real interband absorption region (smaller n). The vertical dotted line indicates the carrier density for EF = 200 meV .
for ω = 3 × 10 14 rad/s (λ 0 = 6.28 µm). Because the power contrast between low-loss and high-loss propagation states at the output of the plasmon device depends exponentially on this ratio, very high contrasts are possible.
IV. MODULATOR DESIGN
In the preceding discussion, we have shown that TM surface plasmon propagation parameters in graphene monolayers depend on the carrier density. In particular, we have shown that the imaginary part of the plasmon wavenumber exhibits two qualitatively distinct behaviors depending on the relationship between the energy for the onset of strong interband absorption (bold dot in Fig. 3 ) and the plasmon photon energy. For photon energies greater than the onset energy, the plasmon propagates in a high-loss mode, and for photon energies below this onset energy, the plasmon propagates in a low-loss mode. The photon energy at which this transition takes place is carrier density-dependent.
In the plasmon device structure illustrated schematically in Fig. 2 , the transmitted plasmon power will depend exponentially on q Im (ω). Below, we describe the design of a long-wave infrared modulator where the switching between the ON (high transmitted power) state and the OFF (low transmitted power) state is mediated by changing the carrier density in the graphene monolayer. The carrier density is changed in a particularly simple way by adjusting the bias voltage on a gate contact affixed to the graphene. For the sake of discussion here, we choose a plasmon with vacuum wavelength λ 0 = 10 µm. However, it should be noted that the principles underlying the optical modulator device are valid for a photon energy range from less than the optical phonon frequency (200 meV ) down to energies in the THz regime.
For the operating points of the modulator, we choose carrier densities of n = 2.41×10 12 cm −2 (E F = 170 meV ) for the ON state of the modulator and n = 3.8 × 10 11 cm −2 (E F = 67.5 meV ) for the OFF state of the modulator. This set of operating points yields a contrast in q Im of q Im (OFF)/q Im (ON) = 8.6 for λ 0 = 10 µm. For the modulator propagation path length, we choose l m = 0.25 µm (q Re (ON) l m = 20) , or approximately 3.18 plasmon wavelengths in the ON state. This corresponds to q Im (ON) l m = 0.94 or slightly less than one absorption length. For the OFF state, a 0.25 µm propagation distance corresponds to q Im (OFF) l m = 8.076, or approximately eight absorption lengths. The calculated optical intensity profile (|E| 2 ) of the ON and OFF state plasmons for this modulator geometry is shown in Fig. 6 . For this modulator design, we obtain a contrast ratio in the output power between ON and OFF states of approximately 62 dB. Naturally, noise and imperfections in the output detection electronics will reduce the modulator performance characteristics somewhat. A simple circuit model for the external gate driver circuit shows that the modulation bandwidth of the proposed plasmon modulator should be limited by the carrier relaxation time in the graphene monolayer (∼ 1.35 × 10 −13 s). Thus, the potential exists for this modulator to be very fast.
It is obvious from Fig. 6 that the phase velocities for the two plasmons are different. That difference can be seen in Fig. 3 where the ON state is located at the intersection between the dot-dashed line and the dispersion curve, and where the OFF state is located at the intersection between the dashed line and the dispersion curve. Additionally, for this choice of plasmons, the mismatch in group velocities is approximately 30% as shown in Fig.  4 . Further, the OFF-state plasmon is more localized in the x direction than its ON-state counterpart as well.
The amount of bias voltage applied to the graphene gate in order to obtain the required carrier densities will depend on the device geometry. However, an estimate may be obtained from the work of Ref. [4] . In that paper, the authors experimentally demonstrate Fermi level tunability over the range required for the modulator. For their device geometry (SiO 2 gate oxide thickness ∼ 300 nm), they obtain a linear relationship between applied bias voltage and carrier density of the form n = α(V − V 0 ), with α = 7 × 10 10 V −1 cm −2 , and where V 0 is a geometry-dependent offset bias parameter. Using this result, we determine that the required bias voltage change required to switch between the ON and OFF states of the modulator is approximately 29 V . This amount of change in the bias voltage would be easily generated by modern digital modulator driver circuitry. Further, since the required bias voltage change is of the order of a few tens of volts, high-frequency modulators may be used. It should also be noted that reducing the SiO 2 oxide thickness will reduce the required bias voltage for modulator operation. An oxide thickness of only 12 cm −2 (low loss state) and part (b) corresponds to a carrier density of n = 3.8 × 10
11 cm −2 (high loss state). Axes in both plots are normalized to qRe and qx calculated for the low-loss state.
a few microns is required to isolate the surface plasmon from the Si substrate for the modulator discussed here.
High-power modulator performance will be limited by the ability of the graphene monolayer to dissipate the energy of the plasmon in the OFF state where it is essentially all absorbed through interband absorption processes. We have not performed a careful analysis of this limitation, but would note only that graphene has a high thermal conductivity [10] (even larger than that of diamond), and so heat dissipation issues may be solved through appropriate heatsink design. Since the substrate (SiO 2 ) is essentially transparent at these wavelengths, and since the gate current will be negligible, absorption in the graphene monolayer is expected to be the primary contributor to device heating.
V. SUMMARY
In this paper we have described a new long-wave infrared optical modulator based on TM surface plasmon propagation in monolayer graphene. The device operates by varying the carrier density with an applied gate bias voltage. For large carrier densities, interband absorption of the plasmon energy is blocked due to filling of the conduction band states, and for small carrier densities, the plasmon energy is absorbed by interband optical transitions. The device is limited in optical frequency to plasmons with photon energy less than the optical phonon energy (200 meV ) in graphene. An example modulator design for light with vacuum wavelength λ 0 = 10 µm is presented. This modulator exhibits a contrast ratio in the transmitted optical power between ON and OFF states of ∼ 62 dB. A simple circuit model indicates that the switching speed of the modulator should be limited by the carrier relaxation time (1.35 × 10 −13 s). Thermal management issues are briefly discussed.
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